Purpose Increased glycolytic activity with accumulation of extracellular lactate is regarded as a hallmark of cancer. In lymphomas, FDG-PET has undeniable diagnostic and prognostic value, corroborating that these tumours are avid for glucose. However, the role of glycolytic metabolism-related molecules in lymphoma is not well known. Here, we aimed to evaluate the clinical and prognostic significance of a panel of glycolytic metabolism-related molecules in primary non-Hodgkin lymphomas (NHL) and to test in vitro the putative therapeutic impact of lactate transport inhibition. Methods We assessed, by immunohistochemistry, the expression of the metabolism-related molecules MCT1, MCT2, MCT4, CD147, GLUT1, LDHA and CAIX in both tumour and stroma compartments of tissue sections obtained from 104 NHL patients. In addition, the lymphoma-derived cell lines OZ and DOHH-2 were used to evaluate the effect of AZD3965 on their viability and on apoptosis induction, as well as on extracellular lactate accumulation. Results We found that expression of MCT1 in the NHL tumour compartment was significantly associated with a poor clinicopathological profile. We also found that MCT4 and CAIX were present in the stromal compartment and correlated with an aggressive phenotype, while MCT1 was absent in this compartment. In addition, we found that AZD3965-mediated disruption of MCT1 activity led to inhibited NHL cell viability and extracellular lactate accumulation, while increasing apoptotic cell death. Conclusions Our results indicate that elevated glycolytic activity is associated with NHL aggressiveness, pointing at metabolic cooperation, mediated by MCT1 and MCT4, between tumour cells and their surrounding stroma. MCT1 may serve as a target to treat NHL (diffuse large B cell lymphoma) patients with high MCT1/low MCT4 expressing tumours. Further (pre-)clinical studies are required to allow the design of novel therapeutic strategies aimed at e.g. reprogramming the tumour microenvironment.
Introduction
Non-Hodgkin lymphomas (NHLs), the main representatives (90%) of lymphomas, encompass a heterogeneous group of lymphoproliferative neoplasms that may arise from B-(80-90% of the cases), T-or NK cells at various stages of differentiation [1] . In several types of B cell lymphoma the genetic basis involves the immunoglobulin heavy chain (IgH) gene fused to different partner genes, whereas Epstein virus infection and/or immunodeficiency may also play a role [2] . According to the latest GLOBOCAN data~386,000 new cases were diagnosed in 2012 worldwide, representing 2.7% of all cancers, with a mortality burden of 52% [3] . NHLs typically arise in lymphoid tissues (lymph nodes, spleen or bone marrow), although they can develop in any tissue [1] . The 2016 World Health Organization (WHO) classification of Lymphoid Neoplasms distinguishes over 80 different types of NHLs, based on combined morphological, immunophenotypical, clinical, genetic and aetiological data. The most common types are the relatively aggressive diffuse large B cell lymphoma (DLBCL) and the relatively indolent follicular lymphoma (FL), representing~35 and~20% of all NHLs, respectively [4] . The Ann Arbor classification system is widely used for disease staging, and the International Prognostic Index (IPI) is the preferred prognostic model for NHL patients [5, 6] . While providing diagnostic and prognostic information, these tools are usually complemented by other ancillary methods to allow the early identification of patients with immuno-chemotherapy refractory disease. Positron emission tomography with 2-[18F]fluoro-2-deoxy-D-glucose (FDG-PET) is a reliable cancer outcome predictor [7, 8] based on the prevalence of enhanced glucose uptake by human cancers. FDG-PET is increasingly used for the global assessment of lymphomas, allowing not only evaluation of tumour extensiveness and aggressiveness, but also quantification of their metabolic activity [9] [10] [11] [12] . CHOP-R (a combination chemotherapy containing cyclophosphamide, doxorubicin, vincristine, prednisolone and rituximab) is currently the standard first line therapy for NHL patients [13] . However, almost half of the treated DLBCL patients, and eventually all low grade NHL patients, will develop recurrence and/ or disease progression. Based on a better understanding of the biology underlying lymphoma development, the management of aggressive disease is currently being fine-tuned through molecular-driven approaches complying with precision medicine guidelines [1] .
Cancer is nowadays not only viewed as a complex genetic disease, but also as a disease with heterogeneous bioenergetic metabolic features, and in which elevated glycolytic rates are preponderant [14, 15] . Metabolic reprogramming postulates that tumour cells avidly consume glucose via upregulated glucose transporters (GLUT) and glycolytic enzymes, and produce large amounts of lactate even under aerobic conditions. To ensure intracellular pH homeostasis, pH regulators such as the hypoxia-inducible carbonic anhydrase IX (CAIX) and the lactate-extruders monocarboxylate transporters (MCT) are also upregulated, which further contributes to the acidification of the tumour microenvironment. This microenvironmental acidosis sculpts an acid-resistant phenotype that supports and favours malignancy, i.e., the migration and invasion of cancer cells [15, 16] . In addition, metabolic synergism among cancer cells, and between cancer and stromal cells (Breverse Warburg effect^) have been described MCT transfers lactate from one cell type to another (Blactate shuttle^), which is utilized for energy production, proliferation and chemoresistance [17] . Potential metabolic vulnerabilities are currently being therapeutically explored in preclinical and clinical settings, with several molecular targets showing promising anticancer effects [15, 18] .
Despite the use of FDG-PET as an ancillary diagnostic and prognostic approach for lymphomas, little is known about the preponderance of metabolic reprogramming of their microenvironment. Using a Burkitt's lymphoma model, Kim et al. observed enhanced expression of key regulators of glucose metabolism such as hexokinase 2 (HK2) and pyruvate dehydrogenase kinase 1 (PDH1) [19] . Another in vitro study revealed that reduction of lactate dehydrogenase A (LDHA) leads to decreased ATP levels and increased oxidative stress and cell death [20] . Modulation of glucose metabolism through glycolysis-targeting drugs in animal lymphoma models has yielded promising effects with respect to decreasing tumour volumes, increasing survival and promoting chemosensitization [20] [21] [22] [23] . Importantly, it was found that these treatments inhibited MCT1 expression [22, 23] . Disruption of MCT1 has been found to lead to intracellular lactate accumulation and, consequently, decreased glycolysis and increased cell death, which could be further potentiated by metformin treatment [24] .
In order to elucidate the role of glycolytic metabolism-related molecules, i.e., MCT1, MCT2, MCT4, CD147, GLUT1, LDHA and CAIX, in NHLs, we assessed their expression and evaluated their impact on clinicopathological and survival parameters in a comprehensive cohort of 104 patients diagnosed with high or low grade NHL. In addition, we assessed the therapeutic impact of lactate transport inhibition in DLBCL-derived cell lines using the MCT1 inhibitor AZD3965.
Materials and methods

Patients and tissue samples
A total of 104 patients diagnosed from June 1998 to December 2011 with NHL at Braga or Guimarães Hospital were enrolled in this study. Clinical and/or follow-up data were collected from the patients or their clinical records. Prior approval was obtained from both Ethics Committees of the involved institutions. Only patients with a diagnosis of indolent or aggressive NHL, aged over 18 years, and for whom adequate tumour samples were available for analysis, where included. Representative formalin-fixed paraffin-embedded excisional biopsy specimens were obtained from all patients included. The median age of the patients was 67 years (range: 19-97 years). Sixty-four patients (61.5%) were aged over 60. Fifty-four patients (51.9%) were male and fifty (48.1%) were female.
Haematoxylin-eosin stained sections were reviewed according to standard histopathological examination by two independent haematopathologists. The lymphomas were classified according to the World Health Organization (WHO) classification of tumours of haematopoietic and lymphoid tissues [25] and the Ann Arbor classification system (with modifications introduced at the Cotswolds meeting for Hodgkin lymphoma) [26] .
For statistical analysis the lesions were divided into two groups, based on histological aggressiveness, as high grade NHL (corresponding to DLBCL) and low grade NHL (corresponding to the indolent subtypes of FL, mantle cell and margin al zon e lymp homas, and a small n umbe r of lymphoplasmacytic, lymphocytic and unclassified differentiated lymphomas, grouped as Bother, low grade^). Mantle cell lymphomas are difficult to assign to high or low grade groups, because their histological variants may differ widely in clinical behaviour and proliferative rate [27] . Since the classical variant, representing 88% of their total number, has a low proliferative rate (despite a usually dismal clinical behaviour), these cases were included here in the low grade group.
IPI (International Prognostic Index) [28] and FLIPI (Follicular Lymphoma International Prognostic Index) [29] were used to determine the prognosis of patients with high and low grade tumours, respectively. The patient's performance status was determined using the ECOG (Eastern Cooperative Oncology Group) scale [30] . The clinicopathological data are listed in Table 1 .
Following diagnosis, 86 (82.7%) of the patients underwent immuno-chemotherapy. Surgical procedures were performed to obtain histological samples for diagnosis. Twelve (11.6%) patients received radiotherapy for consolidation of PETpositive residual masses. Cases for whom diagnosis and initial evaluation were obtained from 1998 to 2007 were reviewed according to the response criteria of the International Working Group (IWG) published in 1999 [31] . The remaining cases were reviewed according to the new IWG criteria published in 2007 [32] . For statistical analysis, these guidelines were harmonized, considering complete response unconfirmed (CRu) as complete response (CR). The recommendations of IWG were also adopted for PET interpretation through visual assessment. Based on these criteria, 51 (59.3%) of the treated patients achieved a complete remission and 25 (29.1%) a partial remission, whereas 10 (11.6%) patients did not respond to the treatment. The mean and median follow-up times were 51.9 and 53.3 months (range: 1-204 months), respectively.
The corresponding follow-up times for high grade NHL patients were 41.8 and 47.1 months (range: 1-141 months), respectively, and for low grade NHL patients 63.1 and 58.9 months (range: 1-204 months), respectively. Progression occurred in 22 of the 35 (62.9%) patients that had achieved a partial remission or did not respond to the first Clinical significance of metabolism-related biomarkers in non-Hodgkin lymphoma -MCT1 as potential target...
treatment. Progression-free survival (PFS) was defined as the time from the first treatment until recurrence, progression or death from any cause. Overall survival (OS) was defined as the time from the first treatment until death from any cause.
Immunohistochemistry and evaluation
After selection of representative tumour areas in haematoxylineosin stained sections (4 μm-thick), the lymphoma samples were organized into six tissue microarrays (TMAs). To obtain representative sampling and to avoid sample loss, the sections were duplicated in the TMAs. Immunohistochemistry using the streptavidin-biotin-peroxidase complex technique (Ultravision Detection System Anti-polyvalent, HRP, Lab Vision Corporation) was used for MCT2, MCT4, GLUT1, LDHA and CAIX detection, and the avidin-biotin-peroxidase complex assay (VECTASTAIN Elite ABC Reagent, RTU, Vector Laboratories, Inc.) was used for MCT1 and CD147 detection, as previously reported [33] . The primary antibodies, as well as the dilutions used, are listed in Table 2 . The incubations were performed at room temperature (RT) during 1 h (MCT2, MCT4, GLUT1, LDHA and CAIX) or overnight (ON) (MCT1 and CD147). Negative controls were included by omitting the primary antibodies. Colon carcinoma sections were used as positive controls for MCT1, MCT4, CD147 and LDHA detection, whereas for MCT2, GLUT1 and CAIX detection normal kidney, head and neck cancer and gastric carcinoma sections were used, respectively. Immunostained tissue sections were evaluated by light microscopy for MCT1, MCT2, MCT4, CD147, GLUT1, LDHA and CAIX cytoplasmic, nuclear and/or plasma membrane staining of the tumour cells. The cancer-associated stroma (mainly composed of fibroblasts and connective tissue) was also assessed for immunoexpression of the biomarkers. Regarding the tumour cells, a semi-quantitative system was used to grade the immunohistochemistry results, considering the percentage of immunoreactive cells (score 0, 0% positive cells; score 1, < 5% positive cells; score 2, 5-50% positive cells; score 3, > 50% positive cells) and the intensity of staining (score 0, negative; score 1, weak; score 2, intermediate; score 3, strong). Final scores ≥ 3 were considered positive for all the biomarkers studied, as reported before [33].
Cell lines and culture procedures
In the present study, two DLBCL-derived cell lines with a t(14;18 )(q32;q 21) translo cation w ere u sed: OZ (CVCL_M710) and DOHH-2 (ACC 47, DSMZ). Both cell lines were cultured in suspension in RPMI-1640 medium supplemented with GlutaMAX™ (Gibco™), 10% heat inactivated foetal bovine serum (FBS, Gibco™) and antibiotics (1% penicillin/streptomycin solution, Gibco™). The cells were incubated in a humidified atmosphere at 37°C and 5% CO 2 and were passaged every 2-3 days.
Reagents
The antibodies and dilutions used for immunohistochemistry, immunofluorescence and Western blotting are listed in Table 2 . For in vitro treatment, cells were incubated with 0.01% DMSO vehicle control or with the MCT1 inhibitor AZD3965 (Cayman Chemical) at the indicated concentrations and time points. 
Western blotting
Cells that were routinely sub-cultured in T25 flasks at a density of 1 × 10 6 cells/ml, or cells seeded in 6-well plates (2 × 10 6 cells/well) and treated with 0.01% DMSO, 10, 100 or 1000 nM AZD3965 for 72 h, were collected and disrupted in cold lysis buffer (supplemented with protease inhibitors) for 10 min. Next, cell lysates were collected after centrifugation at 13,000 rpm, 15 min at 4°C and protein quantification was performed using the Bradford assay (Sigma-Aldrich®). Equal amounts (20 μg) of total protein were separated on 12% polyacrylamide gels by SDS-PAGE (100 V for 90 min) and transferred to nitrocellulose membranes using a Trans-Blot® Turbo™ Transfer system (25 V for 30 min). The resulting blots were incubated ON at 4°C with specific primary antibodies (Table 2 ) and, subsequently, incubated for 1 h at RT with specific secondary antibodies [m-IgGκ BP-HRP (1:2500 dilution, sc-516,102, Santa Cruz Biotechnology®) or mouse anti-rabbit IgG-HRP (1:2599 dilution, sc-2357, Santa Cruz Biotechnology®]. Actin (C-2, 1:500 dilution, sc-8432, Santa Cruz Biotechnology®) or α-Tubulin (1:2500 dilution, ab15246, AbCam) were used as loading controls. Finally, the blots were developed using enhanced chemiluminescence (Supersignal West Femto kit, Pierce™) on a Chemidoc™ XRS+ system (Bio-rad).
Cellular viability assays and extracellular lactate measurements
Cells were seeded in 48-well plates at a density of 2.5 × 10 5 cells/well, and treated with either vehicle control or 10, 100 or 1000 nM AZD1365 for 24, 48 and 72 h. Cell viability following 24, 48 and 72 h incubation was determined using a CellTiter 96 Aqueous One Solution Cell Proliferation assay (MTS, Promega) and a Trypan blue exclusion assay to quantify death cells, respectively. Extracellular lactate content was measured after 24, 48 and 72 h incubation using a commercial enzymatic colorimetric kit (Spinreact).
Statistical analysis
Immunohistochemistry data were analysed using the Statistical Package for Social Sciences (SPSS) software for Windows, version 25. Statistical significance of associations between biomarker immunoexpression and clinicopathological/prognostic parameters was evaluated using Pearson's chi-square (χ 2 ) and Fisher's exact tests. Kaplan-Meier curves were used to assess PFS and OS rates using Log-Rank or Breslow tests. P values < 0.05 were considered significant. Multivariate analysis using Cox proportional hazards analysis was performed with parameters that reached statistical significance in the univariate analyses. The in vitro data were analysed using GraphPad Prism 6 software, with the Student's t test, considering significance when p < 0.05.
Results
Prognostic significance of clinicopathological parameters
We found that the NHL patient survival rates were significantly influenced by clinicopathological variables: lower 5-year PFS and OS rates were observed in patients portending parameters of tumour aggressiveness, i.e., stage III/IV (p = 0.002 and p = 0.035), high grade (p = 0.022 and p = 0.029), diffuse large B cell type of NHL (p = 0.005 and p = 0.006), elevated LDH serum levels (p < 0.001), an ECOG performance status of two or more scale points (p < 0.001) and no response to the first treatment (p < 0.001). Detailed data are listed in Table 3 . The prognostic significance of the clinicopathological parameters was also analysed separately for high grade and low grade NHL patients. These results are shown in the Supplementary data.
Immunoexpression of biological parameters in primary lymphoma tissues
Immunostaining was found to be positive for MCT1 (Fig. 1a) , MCT2 (Fig. 1c) and MCT4 (Fig. 1d) in 24 .3%, 17.5% and 34.8% of the NHL cases (tumour compartment), respectively. Membrane positivity was present in all of these cases. Cytoplasmic expression was not considered as an isolated entity, since cytoplasm and membrane could hardly be distinguished in the vast majority of the malignant lymphocytes due to their preponderant nuclei. MCT1 nuclear expression (Fig.  1b) was observed in tumour cells of six NHL cases. Regarding the stromal compartment, positive reactions for MCT2 (Fig. 1c ) and MCT4 (Fig. 1e) were observed in 8.7% and 10.9% of the cases, respectively. CD147 expression was considered negative in all cases, both in the tumour and stroma compartments (Table 4) [normal kidney tissues present in the TMAs were positive (Fig. 1f) , as well as the colon carcinoma tissues (positive controls)]. GLUT1 (Fig. 1g) and CAIX (Fig. 1h) plasma membrane positivity was observed in 13.8% and 70.8% of the NHL tumour tissue sections, respectively. CAIX expression was also observed in the stromal compartments (Fig. 1h) in 10 .4% of the cases. Regarding LDHA (Fig.  1i) , only 5.6% of the cases were positively graded (cytoplasmic staining) ( Table 3 ).
Clinicopathological and prognostic significance of biological parameters
Next, associations between the clinicopathological variables and the biological parameters were assessed (except for CD147, due to uniform negativity in both tumour and stromal compartments) ( Table 3) . A separate analysis for high and low grade NHL cases was performed, but through this analysis no statistically significant associations were noted (data not shown). Analysis of the complete cohort of NHL samples (n = 104) revealed that MCT1 and MCT4 tumour immunoexpression (membrane staining) was associated with high grade (p = 0.039 and p = 0.051, f Log-Rank or Breslow tests respectively). MCT1 expression was also found to be associated with low hemoglobin serum levels (p = 0.057). In addition, we found that MCT4 stromal expression was prevalent in high grade DLBCL cases (p = 0.015). Of the six cases that exhibited MCT1 nuclear expression in the tumour cells, five were graded stage III/ IV, four showed low hemoglobin levels, and none showed extranodal involvement (although the differences were not statistically significant due to the low number of positive cases). No associations were found when correlating the clinicopathological parameters with MCT2, GLUT1 and LDHA immunoexpression. Regarding CAIX expression, no associations were found when considering the tumour compartment, but stromal expression was found to be prevalent in cases with low hemoglobin (p = 0.039) and high LDHA serum levels (p = 0.026).
When analysing the prognostic significance of the biological parameters, none reached statistical significance in predicting progression-free or overall survival (PFS or OS). We did find, however, that MCT2 expression in high grade cases was associated with a more favourable prognostic profile (although not reaching statistical significance, the same tendency was observed regarding MCT1 and MCT4 expression) (Fig. 2) .
Multivariate analysis of significant prognostic variables
Next, clinicopathological parameters that reached statistical significance in predicting a worse prognosis in NHL patients (n = 104) were subjected to multivariate analysis. 
Immunoexpression of biological parameters in lymphoma-derived cell lines
Using immunofluorescence and Western blotting, we found that the DLBCL-derived cell lines OZ and DOHH-2 expressed MCT1 (Fig. 3a and c, respectively) . The expression was predominantly membranous, particularly in OZ cells, and it co-localized with the chaperone CD147 (Fig. 3a) . MCT4 expression was found to be weaker in both cell lines, and it co-localized with CD147 mainly in the cytoplasm (Fig. 3a and c) . Both cell lines were found to express GLUT1, LDHA, CAIX and MCT2 in the cytoplasm. A membranous reinforcement was noted for GLUT1 ( Fig. 3b and c) .
Effect of AZD1365 in lymphoma-derived cell lines
Based on the above results on baseline levels of MCT in OZ and DOHH-2, it appears that these cells rely mainly on MCT1 for lactate transport across the plasma membrane. Therefore, we used AZD1365, a potent and selective inhibitor of MCT1 [34] , to assess its effects on cell viability, apoptosis and lactate production. We found that the viability of both OZ and DOHH-2 cells was significantly compromised, although not completely inhibited, in a dose-and time-dependent manner, as shown in Fig. 4a (MTS assay) and 4b (Trypan blue exclusion assay). AZD1365 seemed to be particularly effective at 72 h post-treatment. This notion was corroborated by the analysis of extracellular lactate production: for both cell lines a significant reduction was found in lactate levels in the extracellular milieu, denoting efficient inhibition of lactate export (Fig. 4c) . The OZ cells exhibited similar extracellular lactate levels after 10, 100 or 1000 nM AZD3965 treatment. In case of DOHH-2 cells, 100 and 1000 nM AZD3965 were found to be significantly more effective than 10 nM in inhibiting lactate production (p < 0.05). We found that apoptotic cell death was enhanced by AZD3965 treatment in a dose-dependent manner, indicated by increased levels of PARP [Poly (ADPribose) polymerase] cleavage, increased caspase 9, Bax (Bcl-2-associated X protein) and Bim (Bcl-2-like protein 11) expression (indicators of apoptosis induction), and decreased expression of Bcl-xL (B cell lymphoma-extra large; antiapoptotic protein) (Fig. 4d) .
Discussion
In the present study, we aimed to evaluate the clinical and prognostic significance of a panel of glycolytic biomarkers in a comprehensive cohort of 104 NHL cases. We found that MCT1 and MCT4 were expressed in 24.3% and 34.8% of the tumour compartments of the tissue sections, respectively, and that they were associated with high grade and low hemoglobin serum levels, characteristic of an aggressive phenotype. Indeed, the vast majority of DLBCL samples was positive for MCT1 (72.0%) and MCT4 (65.6%), similar to what has been observed by Noble et al. [35] with respect to MCT1 expression (but not MCT4 expression, where positivity was only observed in 27% of DLBCL cases). Due to their correlation with tumour aggressiveness and poor outcome in various neoplastic disorders (reviewed in [36, 37] ), these isoforms are best characterized. It has e.g. amply been reported that genetic and/or pharmacological inhibition of MCT1 and/or 4 in tumour cell lines and mice xenograft models of glioma [38] , breast [39] , colorectal [40] , cervical [41] and lung [42] cancer leads to reduced lactate export, cell proliferation, migration and invasion, and increased responses to radiation and cell death. With respect to lymphomas, MCT4 has been found to be overexpressed in Burkitt's lymphomas and in lymphoblastoid cell lines [43] . Gan et al. found that expression of MCT1 was significantly elevated in c-MYC amplified lymphomas, correlating with a poor prognosis and an unfavourable survival. In the same study, MYC was found to sensitize cells, both in vitro and in vivo, to 3-bromopyruvate, mediated by MCT1 overexpression [44] . It has been reported that MYC may regulate MCT1 expression (among other metabolic enzymes), and that elevated levels of this lactate transporter occur in human malignancies with MYC involvement [24, 44] . Recently, Broecker-Preuss et al. found that treatment with a MYC inhibitor decreased FDG uptake in three lymphoma-derived cell lines, thereby diminishing the expression of glycolysis-related genes and miRNAs [45] .
An intriguing result of our study is the nuclear expression of MCT1, which was observed in six of the NHL cases and was associated with aggressiveness (the small sample size is a limitation). This sub-cellular expression pattern has previously been described by our group in sarcoma as well, although correlating with a favourable clinicopathological and prognostic profile [46] . Additional studies, including immunolocalization and cell fractioning, are necessary to dissect the preponderance of MCT1 nuclear expression in NHL in further detail.
The absence of MCT1 and presence of MCT4 in the tumour stroma (90% of these MCT4 positive cases were aggressive DLBCL) is indicative of a metabolic symbiosis between stromal and tumour cells. According to this scenario, lactate produced by glycolytic stromal cells may be exported through MCT4 and taken up by oxidative tumour cells through MCT1, where it will be converted back into pyruvate to fuel the Krebs cycle [17] . In a case report of an aggressive B cell lymphoma patient, Martinez-Outschoorn et al. reported a preponderance of MCT4 and MCT1 overexpression in the stromal and the tumour compartments, respectively, and that the phenotype was associated with the occurrence of a reverse Warburg effect in glycolytic stromal cells [47] . These results were further confirmed in a retrospective DLBCL cohort [48] . A similar phenotype has also been reported in Hodgkin lymphoma, with an elevated mitochondrial metabolism (high expression of MCT1) in the tumour cells and a glycolytic metabolism (high expression of MCT4) in tumour-associated macrophages [49] . This metabolic hijacking is exploited by several neoplasms for cell survival, progression, metastasis and chemotherapy resistance [50, 51] . The molecular mechanisms underlying these interactions need to be further dissected, so that potential cancer associated stromal cell-based targets may be identified.
We found that MCT2 was expressed in 17,5% of the tumour sections, but no associations were found between MCT2 expression and clinical/follow-up data. In fact, the clinical and prognostic significance of MCT2 has so far only been described in prostate [52] , brain [53] , lung [54] , pancreas [55] colorectal [56] and adrenocortical tumours [57] . An association between its cytoplasmic location and malignancy has been reported in prostate cancer [58] . Unexpectedly, when only high grade cases were considered in our analysis, MCT2 expression was found to be significantly more prevalent in samples from patients with a longer progression-free and overall survival. The same tendency (although not significant) was observed when considering MCT1 and MCT4 expression. As noted before, Pinheiro et al. found a similar association regarding MCT1 nuclear expression in sarcomas [46] . To our knowledge, this is the first report describing an association of MCT plasma membrane expression with a favourable prognosis for cancer patients. DLBCL comprises a subset of NHL with a wide molecular and biological heterogeneity that contributes to clinical and prognostic disparities. Tumours displaying a high proliferative rate are more sensitive to chemotherapy and seem to present a metabolically active profile, as quantified by FDG-PET scanning [59, 60] . These tumours may overexpress MCT, which would be in accordance with our results. In different in vitro and in vivo cancer models, it has been shown that MCT activity may play an important role in tumour growth [38, 61] . A closer look at the molecular level to this particular phenotype of MCT-expressing DLBCLs is warranted to further validate our results and to dissect this newly described profile of NHL patients.
MCTs interact with chaperone proteins to ensure expression and activity at the plasma membrane. While MCT2 preferentially associates with the immunoglobulin superfamily member gp70, MCT1 and MCT4 have been reported to interact with CD147 [62] . CD147 is a pleiotropic molecule with known associations to tumour aggressiveness and chemoresistance [63] . It has been reported that its pro- tumour action may closely be linked to MCT chaperoning activity [64] . In our study, CD147 expression was found to be absent in all cases, which is an intriguing observation that demands further study. It is possible that another co-carrier associates with MCT in NHL, namely CD44, which seems to contribute to the localization and function of MCT1 and MCT4 at the plasma membrane in several malignancies [33, 65, 66] . Hao et al., found that in vitro and in vivo prostate cancer metastasis and chemoresistance could be modulated by CD44 or CD147 expression, and that knock-down of either protein decreased MCT4 expression [67] . On the other hand, CD147 expression has been reported in haematological malignancies, both in pre-clinical and clinical settings, and its silencing has been found to inhibit tumour cell proliferation and to increase chemosensitivity [68, 69] .
Our GLUT1 immunoexpression data indicate that 13.8% of the cases expressed this biomarker in the tumour compartment, but not in the stroma, which indicates that another isoform of the GLUT/SLC2 family may be responsible for glucose transport into fibroblasts. No associations with clinical and/or prognostic parameters were found. Watanabe et al. reported that 18F-FDG uptake may be associated with GLUT1 expression in primary gastric lymphomas [70] . Another study showed that both GLUT1 and GLUT 3 may contribute to 18F-FDG uptake in an in vitro DLBCL model [71] . Conversely, and in accordance with our results, Shim et al. found that GLUT1 was not expressed in NHL tissues, and appeared to play no role in FDG uptake in NHL, whereas GLUT3 expression contributed significantly to FDG uptake [72] .
LDH, an enzyme that catalyses the conversion of pyruvate to lactate under hypoxia and/or as a result of oncogenic mutations, ensures an efficient glycolytic metabolism and a reduced dependency on oxygen [73] . Serum LDH is used as a biomarker for various neoplasms [74] , including haematological malignancies [75, 76] . Its increase may reflect an increase in tumour mass, tumour kinetics with a high mitotic index and a high rate of cell death. In our study, elevated LDH serum levels were found to be significantly associated with lower progression-free and overall survival rates. Expression of LDHA in the tissue sections was noted in 5.6% of the NHL cases, but did not reflect the same prognostic associations as serum LDH. However, 80% (4 out of 5) were high grade cases. In a study by Lu et al. [77] LDHA expression was scored positive in 85% of the tissue sections from 20 NHL patients, whereas benign controls were mainly scored negative. Malignant transformation may induce the expression of LDHA and its colocalization with HIF1α in DLBCL cells, possibly reflecting an increase in lactate production and a release from tumour cells to the immunocompromised microenvironment. In another report, genetic or pharmacological inhibition of LDH expression in lymphoma cell lines and xenografts was found to cause bioenergetic and oxidative stress leading to cell death [20] . While the prognostic value of serum LDH for lymphoma patients is well documented, studies on LDH tissue expression are scarce and demand further investigation.
We also assessed the tissue distribution of the membranebound, extracellular acid trapper CAIX. Overexpression of this hypoxic marker is a frequent trait of malignancies, and has been correlated with tumour progression, invasion, metastasis and a poor prognosis [78] . In our series, 70.8% of the tumours expressed CAIX, although no associations with clinicopathological and/or prognostic parameters were noted. Similarly, Chen et al. observed heterogenous CAIX expression in a NHL cohort, probably reflecting differences in tumour microenvironments in different patients [79] . Intriguingly, in our series, 10.4% of the cases also expressed CAIX in the stromal compartment, being associated with a poor clinicopathological profile. This pattern has previously also been observed by our group in bladder cancer tissue sections [80] , and may be a consequence of metabolic plasticity of the tumour microenvironment, where normoxic, hypoxic and Bpseudo-hypoxicp opulations may cohabit and cooperate. Our results on the clinical significance of the glycolytic biomarkers, particularly MCT1, in DLBCL patients led us to further explore its biological role in vitro. We observed immunoexpression of the biomarkers in two DLBCLderived cell lines. The results pointed to MCT1-positive cells with a high dependence on the glycolytic pathway that efficiently exports lactate, mainly through MCT1. When treating the cells with AZD3965, a significant decrease in cell viability was observed, with a concomitant upregulation of proapoptotic proteins (and downregulation of an anti-apoptotic protein). Consistent with a role of MCT1 in lactate transport to the extracellular milieu, extracellular lactate levels were found to be significantly diminished upon treatment with the MCT1 inhibitor. A potent disruption of lactate transport and anti-tumour activity of AZD3965 were also demonstrated by others, in monotherapy and in combination, in aggressive NHL models both in vitro and in vivo [34, 35, 81] . The efficacy of AZD3965 is currently explored in a clinical trial encompassing adult solid tumour and DLBCL patients (NCT01791595), and exciting preliminary results have been obtained [82] . However, caution is recommended, as reports exist on the acquisition of resistance due to MCT4 compensatory lactate transport [24, 42, 83] . Public DLBCL gene expression data indicate that these tumours are among the lowest expressers of MCT4 mRNA [84] , which would make them attractive targets for MCT1 inhibition. This notion has been confirmed in two studies on DLBCL cell lines [34, 35] and on a cohort of DLBCL patients [35] . The two cell lines that were used in our study also exhibited high MCT1 and low MCT4 expression levels, but in our cohort of DLBCL patients a similar and high percentage of positive cases for both biomarkers was noted. Additional studies are needed, both preclinical and clinical, to evaluate the efficacy AZD3965, either as monotherapy or in combination with classical or novel emerging anti-metabolic drug therapies, including patient stratification based on MCT expression status.
In summary, our findings indicate the occurrence of a glycolytic metabolism-dependent NHL phenotype that contributes to disease aggressiveness, and may harbour potential targets for therapeutic intervention, i.e., MCT1 targeting by AZD3965. Our results additionally point to the existence of a heterogeneous tumour microenvironment, where populations of oxidative cells (MCT1 expressers) coexist with glycolytic cells (MCT4 expressers). Each tumour compartment, with distinct metabolic demands, must cooperate with its cohabiting partners to achieve survival benefits. In this way, tumour progression, metastasis, immune escape and chemoresistance is reached. This phenotype, which is also apparent in other neoplasms, must be dissected in further detail, so that new approaches of targeted therapeutic intervention may be developed.
